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ABSTRACT

The amplitudes and differential doppler of two radio si,  nals trens-
mitted to Mariner 5 as it was occulted by Venus are utilized to derive
the dav- and night-side ionization distributions in the upper atmosphere
and the temperature and pressure profiles cf the lower atmosphere. Both
sides of Venus have ionization peaks near the 140-km altitude level; the
daytime peak is 30 times greater in electron number density. The nighi-~
side ionosphere eixtended up to an altitude of at least 1000 km, and the
dav-side ionization terminated in a plasmapause near a 500-km altitude.

The neutral atmosphere wps probed down to within 35 km of the planetary

surface.
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Chapter 1

INTRODUCT ION

The initial analysis of the Mariner 5 dual R¥ o<cultation evperiment
provided pieliminary results for the day and night-side ionization pro-
files on Venus [Mariner Stanford Group, 1967]. The results were based
primarily on integral inversion of the dispersive doppler data, assuming
that the effects of multipath provagaticn were negligible, The purpose
of this report is to present the results of a complete study on both the
doppler and amplitude data. Model-fitting and inversion techniques are
employed, and in addition to deriving ionospheric electron number-density
profiles, pressure and iemperature profiles for the lower neutral atmo-
sphere are also deduced.

Before describing the analysis of the data, the measurements will bhe
reviewed briefly. The experiment was conducted by .ransmitting two har-
monically related frequencies--49.8 and 423.3 MHz (phase modulateau ai 7692
or 8692 Hz)--from a 130-ft parabolic dish at Stanford, California, and by
receiving the signals with phase-~locked receivers in the spacecraft. The
transmitter powers were approximately 350 kW at the ‘lower frequency and
30 kW at the higher frequency. Circularly polarized waves were trans-
mitted from the dish, and linearly polarized low-gain antennas were
utilized for reception.

The primary purpose of the experiment was to measure the differential
doppler and the group path together with signal amplitudes as the space-
craft passed behind the ionosphere and neutral atmosphere of Venus. The
data were stored on a tape recorder in the spacecraft and sent back to

-Earth over tﬁe telemetry system after emersion from occultation,

Differential doppler measurements were made by cdntlnuously counting
-the zerc crossings of a beat note obtained by comparing the lower frequency
to the 2/17 subharmonic of the higher frequency. The doppler counter was

" read out every v.6 s during the experiment. The relative phase of the
audio-modulation tones of the two radio-fr¢ juency capriers provided data
on the differential group path, The signal infens;ties were measured

every 0.6 s by sampling the outputs of the amplitude phase detectors.
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A more detailed description of the spacecraft's instrumentation has been

presented by Long and Fair (1968).

The Mariner 5 occnltation measurements were made on 19 Cctober 1967,

and Fig. 1 shows the geometry of the experiment. Immersion and emersion
occurred on the night and dav sides,

b respectively. A map of Venus illus-
' trating the locations where the atmo-
| RAYPATH
,‘?Y”’T%E N sphere was probed by the radio signals
| EARTH | 9lry,24) SPACECRAFT ) ] _ ‘ )
t i is shown in Fig. 2. The folilouwing

chapters summarize th+ analysic of

X the data.

RA”PATH
ASYMPTOTES

4cRoSS SECTION
OF VENUS

;”/Eou THE EARTH

Fig. 1., OCCULTATION GEOMETRY,

DAY SIDE (OCT. 19, 1967)
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Fig. 2, MAP OF VENUS SHOWING LOCATIONS WHERE

OCCULTATION MEASUREMENTS WERE MADE.

Zero-

meridian plane contains the Earth at inferior

conjunction,

Areas marked O and 3B

are

strong radar scatterers [Goldsiein, 1965].
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Chapter T1T1

THE PLASMA TAIL

The differential doppler and group-path measurements provide data on
the total electron content (integrated electron number density along the
propagation path) between <ianford and Mariner %, and the results obtained
near planetary encounter are illustrated in Fig. 3. 7To utilize there data
so as to determine the spatial distribucion of free electrons arouantu Venuds,
the electron content contributed by the rest of the medium (the terrestrial
icnosphere and intermlanetary space) must be subtracted. The electron con-
tent of the Earth's ionosphere wzs measured between the Applications Tech-
nology Satellite (ATS) and Stanford during the experiment, and these re-
sults are also shown in Fig. 3, after correcting the ATS measuremcntis for
the different path to Mariner. By subtractiog the electron content of
the Earth's ionosphere from the total content and fitting a straight line
to the resulting curve in the time intervals just preceding and following
the occultation, it was determined that the average interplanztary elec-
tron number density along the path was about 5.06 cm_s at ercounter, The
corresponding rate of change iﬁ this number density w. = .pproximately
0.4 cm—3 hr_l. With this linear approximation for tb nterplanetary
density, the residual electron content produced by t.. <(ocal ionikation
surrounding Venus can be computed, and the resulting i1rve is illustrated
in Fig. 4. The rapid changes at -4 and 24 min from ¢ (ounter were nroduced
by the topside of the night*- and day-side ionospheres respectively. The
slower increase, commencing approximately 14 min betore encounter, may
have been caused by a tail (or wake) of ionir:*‘on extending out on the
dark side of Venus, or it éould have been produced by a l.3-percent non-
linear increase in the average interplanetary electron number density at
that time,

The linear fit used to approximate the average electron number-
density changes in the interplanetary medium is only adéquate near opcdl-
tation. The inclusion of higher order terms would provide a better fit
over a lafger time interval (anh thereby, for example, reduce the residual

electron content prior to -26 min) but would not have an important impact on
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Fig. 4. RESIDUAL ELECTRON CONTENT VS TIME FROM EM-
COUNTER. Residval content was obtained by suuiract-
ing the contribution from the terrestriua! jionospherc
ard tne interpianetary medium from the totai content
measured between Stanford and Mariner 5. Average
interplagsfary electron number density at encounter
(5.06 cm ") and its time rate of change (0.4 cm~3 hr 1y
were determined by assuming a zero-mean residual con-
tent during time intervals -26 to -14 min and 25 to
33 min.

the question of wheths, the plasma tail nn the night side of Venus is real.
—The following discussion of the spatial properties of the plasma tail 1s
based on the simple linear approximation to the interplanetary electron
number density.

Preliminary analysis of the differential doppler data pertaining 1o
the high-altitude nighttime ionization on Venus was based on the assump-
tion that spherical symmetry prevailed out to at least the 4000-km alti-
tude [Marirer Stanford Group, 1967). However, the striking differences
between the day- and night-side residual e’ectron content data show clearly
that the distribution of ionization was not spherically syvmmetric. Fig-
ures % and 6§ illustrate alternate interpretations bagéd on the assumption
that interaction between the solar wind and the upper atmosphere produces
an ic .ization tail predominantly cylindrical in shape with its axis of
symmetry parallel to the solar-wind velocity. .

A unique determination of the spatial electronm number-density dis-

tribution in the plasma tail would require_pcculfation measurements along

many different baths. To invert the integral equation that relates the

" electron wurtor density to the residual content of Fig. 4, the density

5] SEL-69-003
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TROGS SECTION
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N OAY SIOE
PLASMA PAUSE

Fig., 5. SPATIAL PLASMA DISTRIBUTION IN TAIL, ASSUMING
NO AXIAL NUMBER-DENSITY GRADIENTS. The nlane of the
figure is perpendicular to the ecliptic., Solar-wind
velocity was approximatelv 575 km/s, corresponding to
an aberration angle of 3,5° [Bridge et al, 19671.
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Fig. 6. SPATIAL PLASMA DISTRIBUTICN .IN TAIL, ASSUMING EXPONENTIAL
DECREASE [exp(-z/Hz)] OF THE NUMBER DENSITY ALONG AXIS OF SYMMETRY.
H, = 2250 km. - .
changes in the axial direction were specified. The corresponding radial
variations in the :wumber density then could be calculated readily by
adopting techniques described previously [Fjeldbo and Eshleman, 19681,
The results shown in Figs. 5 and 6 are for the cases of no deﬁsity change
and exponential density‘cﬁange, respectively, along the axis of symmetry.

These figures illustrate how the number-density distribution changes

SEL-69-003 o 6 :




wvhen the scale herght along the axis of svmmetry H7 1= increca<ed fronm

2250 &m to 1infinity. reducing Hz below 2250 Kkp vields negative valve-
tor the numbeyr dersity at a distarce of about 4000 km from tne axis of
thc c¢vlinder.

In deriving the residual conten* of Fig. 1, the ATS <data were u-ed
to subtract the contribution of tie terrestrial ionosphere from the total
content. The residual content has also been determined from the Miriner
data in a more direct manner, without first separating the content of the
interplonetary mediun and the terrestrial ionosphere. This computation
was done by fitting @ straight line to the total electron content (Fig. 3)
prior to -13 min and by using this as a zero reoference for calculating
the residual content. This approach produced essentially ‘he same ioni-
zation profiles as those illustrated in Figs. 5 and 6 and shows that what
here has been interpreted as ionization on the night side of Venus was
not caused by a local anomalous decrease in the terrestrial content along
the Stanford-ATS path.

The question of whether the high-altitude residual-content data should
be interpreted as an ionization tail is not likely to be reselved before
measurements can be rcpeated with a planetary orbiter. This experimental
configuration offers the advantage chat the content data can be averaged
over many occultations, thereby reducing noise caused by the terrestrial
ionosphere and the interplanetary medium. Repeated measurements throdgh
different portions of the ionization tail would also provide three-dimen-
sional number-density resolution (if temporal changes are negligible) and,
therefore, eliminate the necessity for simplifying assumptions such as
those empleyed in this study.

An even better arrangement would be obtained by simultaneously con-
ducting propagation experiments between the Earth and two orbiters. While
one is being used to probe the up.er atmosphere, the other could monitor
changes in the terrestrial ionosphere and the interplanetary medium and
thereby provide zero reference. for the rcSiudual content. An experiment
of this type is planned for the 1971 dual~orbiter mission to Mars. That
experiment may also throw new light on the Marincr 5 hiéh-aititude dual-
frequency occultation data because both Mars and Venus appear to lack a
significant intrinsic magnetic field and, therefore are expected to inter-

act with the'solar wind in similar ways.
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Chapter 171

THE NIGHT-5iIDF 10OXNOSPHERE

The principal ionosphere of Venus produces a much larger time rate

of change ir the electiron cortent than is evident in other pnrtions of

the dats ‘see Fig. 3).

Interpretation of this feature in the data is

therefore affected much less by the electron content noise of terrestrial

and interplanstary origin than is the interpretation of the dara on the

dis:ribuZion in the tail.

Figure 7 shows the vertical ioniz..ion profile on the night sidc of

\ 'nus, assuming that the plasma tail has the form shown in Fig. 5.

7IOG[ — | J
H NIGHT S0
: ICNOSPHERE 100G
7000} w
m,=2(H3), T, - 350 K
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6900} -
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= 6800}
(2]
2 4 700
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. 6700} )
@« 600 é
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Z €600+ o
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o 500 =
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= 6500 A <
E m;sa{HE), 7,=660
e '$=345Im‘ ks . { a00
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w_ 6400}
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G 6300
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6200} m;z44(CO3. T ‘{IO'K "*~:‘:’
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6100]
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Fig. 7. "NIGHT-SIDE IONIZATION PROFILE. Plasma

tail was assumec

rig. 5.

Saci

to have the shape shown in
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Tie. soiid portion of the curve was obtained by inverting the differential
dop~ler .data, assuming spherical symmetry arcuna the planet's center of
mass. Running peint aversges taken over an aliitude interval of about
90 km »as enployod 1n smocothing the profile above the 300-km altitude.’
The nuise seen »elow this level was caused by the doppler count qguanti-
zation,

Becanse of the mullipath propagation at 19 f MMz invercicn co! the
doppler data does not vieid aun sccurate profile in the lower ionosphere.
The stippled portion of the profile was therefore deduced from the ampli-
tude variations observed on the 423,.3~Mlz signal.

The ionization peak near the 14z-km altitude hac an electron numbcr
density of approximately 2 - 104cm-3; it is located at the came altituue
as the day-side pe:k and may have been produced by nlasma transport from
the sunlit side of the planet. It is also possible that the nighttine
layer is a2nalogeus 1o the terrestrial E and D regions.

Ab2ave the ionization peak, the plasma scale heicht is approximately
32 km--corresponding to a temperature of 710°K if COZ is the principal
icn. A marked change in the scale height near the 2N0-% altitude prob-
ably reflects the trassition tu a lighter ion such as He+; above the
700-km altitude, the principal ion mar be H+. 1f these i: 'erpretations
are applicable, all three altitude regimes would have approximately the
sane plasma temperature, i.e., 660 to 710°K. This temperature is, inci-
dentally, in good agreement witn the 650°K day-side thermospheric tem-
~perature derived from the Mariner 5 Lyman Alrha measuremer'.s [Barth, 1768}
and also with theoretical temperature esﬁimates based on a pure 002 atmo-
sphere [McElroy, 1968]. A few alternative interpretations, in terms of
iocn masses and plasm§>temperatures, are indicated on Fig. 7.

The shape of the ionization profile above thg 200-km aititude is
very sensitive to how the piasma is distributed in the tail. Figure 8

shows the vertical iénization profile if the plasma tail had the form

*The'altitude scale ucilized in the figures of this report was obtained
by assuming a planetary radius of 6050 km. Analyses of radar data [Ash
et al, 1968; Melbourne et al, 1968]-and work on both racar and Mariner
5 data [Eshleman et al, 1968] yicld values for the radius ‘of Venus
ranglng from 6050 to 6056 km.
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Fig. 8. NIGHT-SIDE IONIZATION PROFILE FOR THE
CASE OF NO TAIL. Same result is obtained if
plasma tail has the form shown in Fig. 6.
illustrated in Fig. 6; the same profile is obtained 1or the case of no
tail (i.e., if the residual electron content attributed to the tail was
caused ‘nstead by a nonlinear variation in the interplanetary content),
As already noted, the ionizatiqn region near the peak was sturied
by fitting the defocusing pi~duced by a Chapman layer to the amplitude
variationé observed on the 423, 3-Mhz radio 1link. Four parameters were
varied in the Chapman layer: altitude, peak density, and the bottom ana
topside scale heights. _The resulting fit is 1llustrated in Fig. &, where
the full-drawn and the stippled curves'represent the measured and com-
puted signal amplitudes, respectively. The'signatu:e of t.c main layer
was observed betweer 3.4 and 3.26 min before encounter. Maximum de-
focusing occurred at 53.3 min, when the radio ray passed.4 km (about

half the bottomside scale heigl.t) below the ionization peak. At 3.18 min

11 : - SEL-69-003




to encounter, the amplitude started dropping sharply because of defocus-
ing in the lower neutral atmosphere.

Figure 9 shows that the signal level on the 423.3-MHz channel fluc-
tuaied about ‘1 dB, with a period of the order of 1 s during the time
interval from -3.26 to -3.18 min from encounter; however, the period of
these ascillations may ~ctually have been shorter than t s. This cannot

be reritierd because the spacecraft instrument only <ampled the amplitude

ALTITUDE (km})

300 200100 60 50 45 40 35
L :
Gt 5 :
| J’h IMMERSION |
-2 \ 4233 MHz ,
-4r . — MEASURED :
6 \ COMPUTED |
-8 \r i
- |O _
- 12| \w‘\ '.
'ﬂ‘ }\

]
D
A
-
S

§
[02]
=

AMPLITUDE (dB)
2

-22:. k RW

-24_~ v

26} ML
. 4 |

-2y i

30} e
| e

-321 } litt
“ L

_34 PR B SO T VR S | P TSP U I NV U T S S l

.35 30 -25 20 -5 -10 25 0

TIME FROM ENCOUNTER(min) -

Fig. 9. OBSERVED AND COMPUTED AMPLITUDE VARIATIONS AT 423.3 MHz DURING
" IMMERSION. Filtered version of amplitude data appeared in the prelim~-
inary report [Mariner Stanford Group, 1967]. .
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everv 0.6 s. The four amplitude minima observed during the time interval
discussed here may have been caused by four thin ionization lavers with
density on the order of 104 el/cm3. These lavers would have to be lo-
cated very low in the atmosphere, the lowest laver near the 1-mB pres-
sure level at the 87-km altitude (see Fig. 12) and the highest near the
126-km altitude. As discussed below, the mplitude fluctuations may
a'so be scintillation effects caused oy horizoatal irregularities in the
ionization profile near the 142-km al‘*itude levei. >uch irregularities,
or patches, are commonly observed in “he terrestrial E region [Smith,
Jr., 1957].

Based on ray theory, defocusing produced behind a spherically synm-
metric ionization blob with gaussian elect: n density distribution

2
[N(Tr) = No exp(-rz/a )] 1is given to first order by

N7z 27
o s 2, 2 c
G =~ =700 N1 exp(~-c /a )[l - (—\ J (dB)
T 2 ay
f a
where
Gr = focusingz behind the blob (dB)
f = radio frequency (Hz)
No = electron number density at center of the blob (m-S)
a = radius of blob at the No/exp density level (m)
7
z, = distance between spacecraft and blob (.pproximately 10 m)

¢ = distance between center of blob aad radio ray (m).

Using the above equation, the size and density required can be estimated,
if blobs of this type are to explain the observed variatious in the
423.3~MHz signal level between -3.26.and -3.18 min from encounter. It
is found that a 1-dB dip in the amplitude of 0.5~-s duration requires a
gaussian ionization patch of 1,8-km radius and a central density of

2.7 x lO4 el/cms. Note that the defocusing is proportional to the ratio
between .the density No and the radius a, Thqs, smaller blobs with
-lower density would also explain the observations. However, the size
gnd density cannot be determined if the blobs have a radius smaller than
1.8 km because of the limitations imposed by the amplitude sampling rate.

' 13 _ ’ SEL-69-003




The 423.3-\Hz amplitude data do noi yield a unique electron number-
density distribution. It is believed that the maximum defocusing ob-
served at -3.3 min from encounter should be interpreted in terms of a
layer, but the successive fluctuations in the signal level mayv have been
caused by either layers or patches. Further analysis of the S-band
doppler measurements might throw new light on the night-side ionosphere
of Venus [Xliore et al, 19G8].

Figure 10 shows the variations measured in the 49.8-)Hz «ignal level

O
gl ' IMMERSION }
! 498 MHz |
o —— MEASURED ]
4t COMPUTED ]
2: ! A m !
Lol »| |
Of"‘vW\M, ,“(’ |
R <!
—4;-- !
g -6}
58
F - 10f
g-12t | - |
Z t

i
Iy

- |8_~ ‘ a l ]
-20F r\' |
"2er R ]
24p I
_26 AU ST T W TP W S S T 1Y TNt Il | Y 1

.35 -30 -25 -20 -15 -10 -05 0
: TIME FROM ENCOUNTER (min)
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DISPERSIVE DIFFEREMTIAL DOPPLER(Hz)

(full-drawn curve) and the amplitude computed f:om th: ionization profile
in Fig. 8 (stippled curve). The ionization profile in Fig. 7 vields es-
sentially the same variations in signal level because the high-altitude
topside--where it differs from the proiile shown in Fig. 8--~ontributes
very little to the focusing.

Computed and obscrved differential dopplers are shcwn in Fig. 11.

.wote in comparing the two curves that

| . .

i e R

J ~—-y§ﬁ§URED ; pt& propag an o. be observe

AA COVPUTED \ with phase-locked receivers, and only

4 A[ \ﬁ - data obtained prior to -3.44 min could

er /“ h be utilized in the doppler inversion

0 T J“J\T - W]l'ﬁ procedure.

Kds \ﬁ N q M% R The 49, 8~MHz receiver remained

- ar oy hf locked to the signal coming nearly

- 8t «! 71 straight from Earth until it passed

'BL . : through the second caustic at -3.14 nin
- 10t . 1 ' from encounter. It ther locked ortn
-2t ‘ a much weaker signal that was ueforused
-4 1 by the main layer. From then on, there
-16r . N are large differences between itae mea-
- 18t X\ 1 sured and the computed properties of
-20 — - L — - - the 49.8-MHz signal, These differences

TW&?EEOM EncOUVTER(nﬁg are probably the result. of ionospheric

irregularities that cause the signal

Fig. 11. ORSERVED AND COMF. 7D
DIFFERENTIAL DOPPLERS VS TIME
DURING IMMEZRSION, number of different ionospheric paths.

to arrive at the spacecraft via a large

Blobs of the type used to explain the 423.3-MHz amplitude fluctuations
would produce very iarge amplitude changes at 49.8 MHz. Some of the deep
nu11sl1n the amplitude data may correspond to locations where the receiver
changed lock from one ray to another. As discussed previously, there is
no method to determine the exact shape and location of these ionospheric -
inhomogeneities; therefore, they are not included in the calculation of

the stippled curves in Figs., 10 and 11.
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All ampl ‘ude computations illustrated in the figures of this report
are based on ray thecry This approach dog not provide an accurate rep-
resentation of the amplitude of signals passing through regions where the
structure of the ionosphere is small when compared to the Fresnel cone.

A more precise calculation Yonld require wave-theory treatment. 7The limi-
tations of ray theory aré/ﬁnrticularly obvious at the caustics, where it
predicts infinite signal amplitudes. The wave theorv is in much better
agreement with observations and vields a finite signal level in these re-
gions. An approximate solution, based on the Huygens-Kirchhofi{ principle,
is avaiiable fer the caustic regimes [Budden, 1961], and the signal inten-
sity is expressed in terms of tabulated Airy integrals,

‘The size of the first Fresnel zone is a convenient measure of the
altitude resolution that can be achieved by the v-cultation experiment.

In the absence of a*mospheric refraction, the diameters of the first
Fresnel zone are 5 and 14 km at 423.3 ind 49.8 MHz, respectively. Re-
fraction has ihe effect of changing these zones from circular to elliptic.
In the atmospheric and ionospheric regions that produce defocusing, the
curvature of the wavefronts is increased in such a way as to squash the
Fresnel zones 1nto ellipses with minor axes in the vertical direction.

The result is an improved altitude resolution in regions that causce de-
focusing; conversely, the resolution is reduced in those portions of the
ionosphere that produce focusing.

The dual-frequency recriver was originally designed for interplanetary
measurements [Koehler, 1965; Long and Fair, 1968]. The Mariner [ experi-
mei't was, therefore, best suited for probing regions with sma.l electrcn
number-density gradients, Multipath propagation in the principal iono-
spheric layers introduced ambiguities in the differential doppler data;
thus, it was necessary to utilize the less accurate amplitude data in
stidying these regions. One method to improve the differential doppler
measurements would be to record the frequency splitting caused by multi-
path'propagation instead of relying entirely on phase-locked receivers.
Another method to incréase the versatility of these measurements would
bé to include one or more higher radio frequencies in the experiment
[Fjeldbo et al, 1965]. Such measurements are being planned for. the

Mariner mission *. sars in 1971.
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Chuapter 1V

THE LOWER ATMOSPHERE

Composition measurements made with the USSR lander, \enera - [Vinogradov
et al, 19681, indicave that CO2 makes up 90 - 10 percent c¢{ the lower ut-
' mosphere of Venus., Molecular nitrogen apparently constitutes less than
7 percent by volume and water vapor 0.1 to 0.7 percent,.

None of the gases detected with the Venera 4 instrument: -ould »ro-
duce a measurable absorption at the radio frequencies emploved in the aual-
frequency experiment. Thus, it is reasonable to assume thut refructive
defocusing is the only effect that causes the signal level to decrease
behind the atmosphere of Venus. Based on this assumption, one c¢an deter-
mine the vertical refractivity profile of the neutral atmosphere probed
by the radio signals. This profile, in turn, can ¢ utilized to derive
the pressure and temperature profiles of the atmosphere [Fieldbc¢ and
Eshleman, 1968],

Figures 12 and 13 are the vertical pressure : :d temperature profiles

determined by fitting the defocus-
PRESS.RE {atm ), (85 % CO,. 15 % Ny)

ciso-—-200 001 o1 10 190 100D 4 ing produced behind different model
atmospheres to the amplitude data
6140 90 -
\\\ obtained cduring immersion (Fig. 9)
6130 80 '
z l DAY SIDE - and emersion (Fig. 14). Pressure
§ 6120 : 70 and temperature are seen to differ
z -
% 6110 s on the two sides of the planet. To
E = illus“rate to what extent the im-
¥ 6100 so§
¥ = mersion and emersion data differ,
- F{
§ 60%0 NIGHT SIDE - 40 Fig. 15 is included to illustrate
?smoL 3" that the day-side anel vields too
8 much defocusirg on the night side
6070 120
and the night-side model too little
0 ;
060} : ' defocusing on the day side, -
080 G601 10100 1000 10006 Preliminary inversion of the
PRESSURE aim). (100% Cox) S-band doppler data gave essen-
Fig. 12. -PRESSURE VS  ALTITUDE ON tially the same pressure and tem-

DAY AND N?GHT SIDES OF VENUS. perature piofiles on botn sides
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of the planet [Eshleman et zl1, 1968). The S-band results are in good
agreement with the night-cide profiles shown in Figs. 12:and 13 {Kliore
et al, 1987; Kliore et al, 1968].

Refraction caused the direction of arrival of the 423.3-MHz signal
to change during the occultation experiment, but uncertainties in the
spacecraft’s antenna gain appear to be too small to account for the dif-
ferences between the imme¢rsion and emersion amplitude data. Variations
in transmitter power and receiver amplifier gain were probably also neg-
ligible. Absorption in the day-side ionosphere can be ruled out because
‘it is expected to reach a maximum at about 23.0 min from encounter while
the propagation path passed tangentially through the lower ionosphere
As illustrated by Figs. 14 and 18, any indication of ionospheric absorp-
tion does not appear at that time: however, daytime absorption in the N
neutral atmosphere may have produced th¢ observed amplitude differences.
This interpretation would require that the absorbing agent be distributed
between the 47 and 60 km altitude in the day-side atmosbhere.and not be
active on the’night side of the plaﬁet. Ionospheric defocusing, produced
by horizontal electron number-density gradients in the day-side ionosphere,

also may have contributed significantly to the observed differences.
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Fig. 14. OBSERVED AND COMPUTED AMPLITUDE VARIATIONS AT 423.3 MHz DURING
EMERSION.

The possibility of horizontal ionization gradients in the day-side
ionosphere was first noted during the preliminary inversion of the S-band
doppler data; this S-band analysis was also based on the assumption of

spherical symmetry. 1t gave a refractivity profile which had a constant
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positive ofiset irorm ,ero between the neutral atmosphere and the i1ono-
sphere. This positive refractivity 7 s2t, which occusrred in the 100 e
125 km sltitude regime where the neutrol atmosphere is toi. thin to neu-
suiubiy 2ffect the radio link, may have been caused by horizontal ioniza-
tion gradients. However, it is als. poseible ‘hat the oifset wos produced
by frequency drift in the spacecraf?'s auxiliary oscillator--in this case
the S-band temperaturo_profiles would be in .rror. Further aralysis of
the S-band zmplitude and doppler data and comparison with the results re-
por}ed here might solve this problem,

Loss of lock on the 423.3-MHz channel occurred at -0.3 min from en-
counter (see Fig. 9). At this time, the lowest point on the ruy passed
35 km above the surface vhere the pressure was appreximately 6 atm. The
data do not provide information abou’ the atmosphere below this altitude :
ievel. The depth to v.ich the radio ray probed before loss of lock oc-
curred was limited by the transmitter power. However, even with unlimiteu
power, one would not have been ahle to probe down to the surface because -
of criticalrrefraction.f T.e critical-refractiveé properties of the atmo-
spkere of Venus became xnown when the USSR lander, Venera 4, made its
direct ﬁeasu*ements fAvduevsky et ai, 1968; Vinogradov ét al, 19681 on
18 October 1967 (one day prior to the Mariner 5 occultatiﬁn experiments).

The spacecraft's dual;frequency instfument continued to samnle noise
oﬁtput from the 423.3-MHz amplitude phase detector after loss of lock;
d;ta points between -0.3 min and encounter show the relative level of this
noise. Signal reacquisition on the 423.3-MHz channel occu}red a* 21.! min
from encounter, corresponding to an altitude of appfoximately 47 km. The
49. 8-MHz receiver locked up much later because of Severe scintillations

ana critical refraction in ihe day—side/ionosphere (see Fig.: 16}, - -

N *Critical refraction occurs in atmospheric regions where the radlus~of
’ curvature of a horizontal ray becomes equal to, or smaller than, the dis- -
] - tance to-the planetary center of mass. No rays can probe tangentlally ’ ’
- - through such regions. o ‘ _ LT T g
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Fig. 16. OBSERVED AND COMPUTED AMPLITUDE VARI-
ATIONS AT 49.8 MHz DURING EMERSION. Amplitude
readings below the -20 dB level were produced
by instrument noise while the receiver was out
of lock.

The discontiruities in the computed amplitude curves at -2.9 and 22.7
min from encounter occurred when the ray grazed the night- and day-side
tropopause. The abrupt change in the temperatﬁre lapse rate at the tropo-
pause of the model atmosphere produces this effect, )

The 423.3-MHz amplitude data show two dips at -2.25 and -2.0 min from
encounier; these dips are also present in the S-band data [Kliore et al,
1367], suggesting that they are scintillations caused by refractivity ir-

- *
regularities or are due to frequency-independent absorption in the neu-

tial atmosphere,. Dissipative absorption does not have any effect on the-

. frequency of the signal; however, scintillations would be expected to

cause frequenéy pé}turbations and perhaps splitting, similar to that ghown

in Fig. 11. Spectral analysis of the -S-band data, therefore, may help to ) 3

resolve these two possibilities. .

_about 1¢°K above ambient would causé such & dip.
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Chapter V

THE DAY-SIDE IONOSPHERE

Invers_.on o1 the S-~band doppler data provide” th: day-side ioniza-
tion profile 1Kliore et al, 1968; Kliore et al, 1967]. Caustics were
formed behind the main layver at both 16.8 and 423.3 MHz, and this po--
tion of the duzl-frequency data is ambiguous. Portions of the 423.3-MHz
amplitude data, however, do add credence to the results obtained from
the higher freauency.

Figure 17 shows a smooth fit to the ionization profile, deduced
fror integral inversion of the S-band doppler measurements. Using this
profile, the signal amplitudes at the lower frequencies can be readily
computed, and the results are illustraited by the stippled curves in
Figs. 14, 16, and 18. Figure 18 shcws quite clearly how the 423.3-MHz
receiver changed lock from one ray to another during emersion--always
trying to remain phase locked to the strongest signal available. Note
that the computed (stippled) curves do not include the effects of iono-
spheric and atimcspheric irregularities which caused severe scintillations

on bothvradio links.

<
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Calculations of the 49.8-Miz DAY S1DE ]
4270 ONOSPHERE 220
amplitude (see Fig. 16) show tre 200 i2i0
absence of any signal from 22.0 7 %0 inn
to 23.4 min from encounter; this -t 1%
¥ a0 {re0
absence was caused by critical rc¢- s tooo
= 230 +170 H
fraction on the bottomside of 2 g0 Jieo §
o . i £
the ionosphere. The vertical ¥ eroop o0 3
- - . § oo} Jie0
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‘ § 190} 1nso
were so great that the radius of %‘"°P’fﬁ 120
curvature of a horizontal ray was siso} - - {uio
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49.8-MHz ray, therefore, was un- )
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Figure 16 shows two ccmputed signals after 23.4 min from encounter.
The étrongest signal came diréctly from Earth; the weaker one was bounced
off the ilonosphere before arriving at the spacecraft. Prior to 22 min.
two signals were also present at the lower frequency, having entered the
ionosphere at a sufficiently steep angle df incidence so as to penetrate
the main layers. ) .

The 49.8-MHz receiver reacquired the signal at 23.6 min from'en-
countef, 12 s later than the calculated reappearance of the signal. The
delay may have been caused by ionospheric scintillations. -

Tﬁe principal day-side ionization peak has been interpreted either

- . as an Fl or an E regibn, having a neucral<§ensity of 1011 or 5 X 1012cm-3.
respectively {Kliore et al, 1968]. Additional information concerning the
density of the upper atmosphere of Venus is available from thé photo;

metric observations of the éccultation of the bright star, Regulus,,qé e

T " . 7 July 1959 [de Vaucouleurs and Mehzel. 1960]. De Vaucouleurs and Menzel's

SEL 63 -003. , , 24




original interpretation of the Regulus measurements favors the E-region
hyvpothesis for the day~ and night-side ionization peaks [Kliore et al,
1968]: however, a recent re-evaluation of their analysis conducted by
Hunten and McElroy (1968) suggests that the optical data 1s too noisy to

be of much use in choosing between the E and Fl hypotheses.
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Chapter VL

THE DAY-SIDE PLASMAPAUSE

The residual electron-content data showr in Fig. 4 suggest that
there are importantldifferences between the ionization distribution on
the night and day sides of Venus. As discussed in Chapters II and III,
the right-side jonization extended out to the 1000-km altitude or more:
the day-side ionosphere appears tc t.rmirate abruptly near an altitude
of about 500 km. Figures 5 and 6§ illustrate schematically the differences
between the two sides of the planet.

Figure 19 shows the dispersive doppler readings obtained after re-

acquisition of the 49.8-MHz signal at 23.6 min from encounter. The many
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Fig. 19. DISPERSIVE DIFFERENTIAL DOPPLER VS TIME FROM ENCOUNTER.
Abrupt termination of dispersive doppler effects at 23.96 min shows
- that, there is no dbtectable planetary plasmn above approximately © - 3
520-km altitude. - . :
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abrupt doppler changes evident in the data indicate *hat multipath propa-
gation took place during this period. Some of the doppler counts were
undoubtedly made in time intervals when the 49.8-Miz receiver changed
lock from one ray to another. These readings are not renresentiativz of
the actual doppler shifts.

Inversion of the last dip in the doppler data, at 23.95 min from
encounter, suggests that this dip corresponds to a 49.8-MHz ray refracted
from a ledge of ionization located near the 500-km altitude. Thi; lecdge
is indicated by the fuvll-drawn curve in Fig. 20. The 2zero doppl-.r reading,

preceding the last dip, corresponds to a ray passing straight through on
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Fig. 20{-.DAY— AND NIGHT-SIDE IONIZATION PROFILES.
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the topsiue of the ledge. Ray crossovers of this type prevent unambig-
uous inversion of the raw doppler data. However, a general idea of hLow
the ionization profile should look can be obtzined by fitting straight
lines to the doppler data, as indicated in Fig. 19; inversion of this fit
yields the stippled ionization profile shown between the 250- and 500-km
altitude in Fig. 20. Of course detailed resolution .s lost by substi-
tuting the doppler data with the average straight lines shown in Fip. 19.
This procedure may yield the average profile independent of the iono-
spheric irregularities responsible for the strong fluctuations in the
data.

As pointed out in the preliminary report [Mariner Stan! rd Group,
19671, an unusual amplitude ripple was observed on the 423.3-MHz receiver
channel at 23.7 min from encounter (see Fig. 14). This effect probably
was caused by an ionospheric irregularity near the 400-km altitude level
where the stippled profile of Fig. 20 indicates an electron number den-
sity of the order of 1.5 X 104cm-3.

Neither the amplitude nor the differential doppler data provide
information abouc the ionization distribution between the 200- and 250-km
a}titude. Further study of the dcppler data, obtained from the tracking
and telemetry system, may help to bridge this gap.

The day-side plasmapause detected by the dual-frequency experiment
probably was produced by the interaction between the conducting iono-
sphere and the magnetized solar-wind plasma. Venus has little or no
intrinsic magnetic field [Bridge et al, 1967; Van Allen et al, 19671,
but the planet may be shielded from the solar wind by fields induced by

ijonospheric currents [Mariner Stanford Group, 1967].
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Chapter VII

CONCLUSIONS

The analysis o»f the Mariner 5 dual {requency occultation measure-
ments has pro-ided a wealth of new information about the atmosphe.e of
Venus but also has brought into focus several unanswered questicns, Ex-
cept for the limitations imposed by critical refraction in the neutral
atmosphere, none of these questions must remain inresolved because of
fundamental experimental limitations. Ii is suggested that the imple-
mentation of future experiments of this type should emphasize: (1) the
resolution of the remaining ambiguities in the day- and night-side plasma
distributions on Venus; and (2) the determination of profiles at a large

number of local times and positions on Venus.
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